The G protein-coupled receptor (GPCR) CC Chemokine Receptor 5 (CCR5) recruits and activates leukocytes by responding to its chemokine ligands. 1,2 It is also the primary coreceptor for HIV-1. 1,3 Like other GPCRs, CCR5 is desensitized after ligation through clathrin-dependent endocytosis leading to intracellular sequestration before receptor recycling. 4, 5 Receptor downmodulation is an important component of the anti-HIV activity of both native chemokines 6,7 and highly potent chemokine analogues. 8, 9 Certain GPCRs are stored in intracellular pools to provide rapid, renewable resources for surface expression. 4, 10 Most studies of CCR5 suggest the receptor is predominantly localized at the cell surface. 1, 2, 6, 7 On the basis of a series of experiments in which anti-CCR5 antibodies were used to detect CCR5 in fixed and permeabilized cells, Achour et al 11 recently reported that CCR5 is predominantly intracellular in T cells, proposing that receptor storage is a mechanism for maintaining sustained sensitivity of leukocytes to chemokines within tissue. 11 To investigate this new concept, we studied the expression of CCR5 protein and CCR5 RNA. Like Achour et al, 11 we found apparent high levels of intracellular CCR5 with the use of flow cytometry in fixed, permeabilized T cells, but these results were not consistent with the low levels of CCR5 mRNA and the results of Western blotting. We conclude that large intracellular pools of CCR5 are not present within circulating human T cells.
Introduction
The G protein-coupled receptor (GPCR) CC Chemokine Receptor 5 (CCR5) recruits and activates leukocytes by responding to its chemokine ligands. 1, 2 It is also the primary coreceptor for HIV-1. 1, 3 Like other GPCRs, CCR5 is desensitized after ligation through clathrin-dependent endocytosis leading to intracellular sequestration before receptor recycling. 4, 5 Receptor downmodulation is an important component of the anti-HIV activity of both native chemokines 6, 7 and highly potent chemokine analogues. 8, 9 Certain GPCRs are stored in intracellular pools to provide rapid, renewable resources for surface expression. 4, 10 Most studies of CCR5 suggest the receptor is predominantly localized at the cell surface. 1, 2, 6, 7 On the basis of a series of experiments in which anti-CCR5 antibodies were used to detect CCR5 in fixed and permeabilized cells, Achour et al 11 recently reported that CCR5 is predominantly intracellular in T cells, proposing that receptor storage is a mechanism for maintaining sustained sensitivity of leukocytes to chemokines within tissue. 11 To investigate this new concept, we studied the expression of CCR5 protein and CCR5 RNA. Like Achour et al, 11 we found apparent high levels of intracellular CCR5 with the use of flow cytometry in fixed, permeabilized T cells, but these results were not consistent with the low levels of CCR5 mRNA and the results of Western blotting. We conclude that large intracellular pools of CCR5 are not present within circulating human T cells.
Methods
These studies were approved by the Institutional Review Board at University Hospitals, Case Medical Center. With informed consent in accordance with the Declaration of Helsinki, blood was drawn, and peripheral blood mononuclear cells (PBMCs) were purified. GHOST (3) cells and CCR5-transfected GHOST (3) Hi-5 cells were obtained through the National Institutes of Health (NIH) AIDS Research and Reference Reagent Program. 12 For flow cytometry, fluorochrome-conjugated anti-CCR5 2D7 and 3A9 (BD Biosciences), HEK/1/85a (BioLegend), and isotype controls were used. The monoclonal 1/85a antibody for Western blotting was obtained from AbD Serotec.
For real-time polymerase chain reaction (PCR) assays, T cells were enriched from whole blood with the use of RosetteSep T (StemCell Technologies) then sorted into CD3 ϩ CCR5 Ϫ and CD3 ϩ CCR5 ϩ populations with the use of a FacsARIA instrument (Becton Dickinson). mRNA prepared from cell lysates was quantitated by Taqman assay with the use of primers, probes, and methods as described. 13 For Western blotting, cell lysates were resolved on SDS-polyacrylamide gels, transferred to nitrocellulose membranes, stained for reactivity with anti-CCR5 or anti-␤-actin antibodies, and identified by chemiluminescence.
Complete methodologic details are found in supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article). The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734.
Results and discussion

Anti-CCR5 monoclonal antibodies give positive flow cytometric signals on fixed and permeabilized T cells but also on CCR5 ؊ control cell lines
In initial flow cytometric experiments, human PBMCs were gated for expression of both CD3 and CD4 or CD8 and were stained with 3 monoclonal anti-CCR5 antibodies recognizing different domains. [14] [15] [16] [17] In agreement with the findings of Achour et al, 11 we found that, although cells from each donor indicated variable but universally low levels of CCR5 staining on nonpermeabilized cells, uniformly strong signals were obtained on fixed and permeabilized cells ( Figure 1A ). Control GHOST (3) parental cell lines that do not express CCR5, however, also gave positive results when the same anti-CCR5 antibodies were used to stain fixed and permeabilized cells ( Figure 1B ).
Only human T cells with detectable cell surface CCR5 have CCR5 RNA by quantitative PCR and protein by Western blot
We flow-sorted PBMCs into CD3 ϩ CCR5 ϩ and CD3 ϩ CCR5 Ϫ populations, with gates set to population extremes to minimize Representative histograms of CCR5 staining on fresh and fixed/permeabilized CD4 ϩ and CD8 ϩ T cells from whole PBMCs. Fresh or fixed/permeabilized cells were initially gated on forward and side scatter. Cells falling into the lymphocyte gate were further gated on being positive for CD3. CD3 ϩ cells were further divided into CD4 ϩ and CD8 ϩ T cells. Histograms reflect CCR5 staining on CD4 ϩ T cells (purple) and CD8 ϩ T cells (blue) that were either stained unfixed or fixed and permeabilized before staining. CCR5 staining is shown on the x-axis and count on the y-axis. Histogram gates were set with the appropriate fluorochrome-linked isotype control antibody so that ϳ 2% of the population was positive for isotype. (B) Representative histograms of CCR5 staining on fresh and fixed/permeabilized GHOST (3) parental and GHOST (3) Hi-5 (CCR5-transfected) cells. Cells were initially gated on forward versus side scatter. Histograms reflect CCR5 staining on the total cell populations gated on forward and side scatter (purple). CCR5 staining is shown on the x-axis and count on the y-axis. FSC indicates forward scatter; SSC, side scatter; PE-Cy7, phycoerythrin-indocyanine 7; and APC, allophycocyanin.
contamination. The CCR5 Ϫ population had 0.1%-2.6% contamination with surface CCR5 ϩ cells. Consistent with this low level of contamination, median CCR5 copy number in the CCR5 Ϫ population determined by quantitative PCR was between 40 and 95 times lower than that measured in the positive population. Total cell lysates were also prepared and analyzed by Western blot. As negative and positive controls, lysates were prepared from parental GHOST (3) cells and CCR5-transfected GHOST (3) cells. A band Western blots of CCR5 ϩ and CCR5 Ϫ Sorted whole cell lysates. CD3 ϩ T cells from the whole blood of 3 different donors were isolated and sorted by flow cytometry into CCR5 Ϫ and CCR5 ϩ populations. Lysates were made from the 2 populations, and CCR5 was detected by Western blot (band at ϳ 42 kDa). Lysates from parental and Hi-5 GHOST (3) cell lines were used as negative and positive controls, respectively. ␤-actin was used as a loading control for each lysate (band at ϳ 47 kDa). (B) CCR5 mRNA in CCR5 ϩ and CCR5 Ϫ sorted cells. Median copy number of CCR5 mRNA was normalized to median copy number of R18 mRNA, and values were multiplied by 1 000 000. Samples were run in duplicate for a given dilution, and all wells in range of the standard curve for a given sample were used to calculate the median values shown.
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For personal use only. on April 13, 2017. by guest www.bloodjournal.org From corresponding to CCR5 (ϳ 42 kDa) was visible in the positive control sample but not in the negative control (Figure 2 ). Under the same conditions, the corresponding band was apparent in the cell surface CCR5 ϩ but not in the cell surface CCR5 Ϫ populations of sorted T cells from each of 3 donors. The cell surface CCR5 Ϫ populations remained negative for CCR5 by Western blot up to the highest loaded dose tested (120 g protein per lane; Figure 2 ).
Fixing and permeabilization can lead to false-positive signals with anti-CCR5 antibodies
To investigate how apparently high levels of intracellular CCR5 can be detected by anti-CCR5 antibodies on fixed and permeabilized cells, we carried out labeling experiments on either unmodified Chinese hamster ovary (CHO) cells (CHO-WT) or CHO cells stably transduced to express CCR5 (CHO-CCR5). 18 Under mild fixation and permeabilization conditions (see supplemental Methods), CHO-WT cells are negative for CCR5, and CHO-CCR5 cells are labeled at the cell surface (supplemental Figure 1) as has been seen previously. 1, 2, 6, 7 However, when the same cells are fixed and permeabilized under the same conditions as those used by Achour et al 11 in the flow cytometric experiments, the CHO-WT cells become positive, with significant staining in the nucleus, and the CHO-CCR5 cells remain positive at the cell surface but show similar staining in the nucleus (supplemental Figure 1) . Presumably this strong off-target staining, which occurs under certain fixation/permeabilization conditions, is the explanation as to why both Achour et al 11 and our group (Figure 1) found intracellular CCR5 signals in fixed and permeabilized T cells. The report of high-level intracellular stores of CCR5 in human T cells by Achour et al 11 was surprising for several reasons. First, induction of CCR5 surface expression on activated CD4 ϩ T cells is delayed for 5-8 days after activation, implying that intracellular pools are not readily mobilized to the cell surface. 19, 20 Second, recovery of surface CCR5 is very slow after ligand-induced receptor internalization, 9 implying that surface ligation also saturates the intracellular pool that is accessible to the surface.
We conclude that intracellular pools of CCR5 in human T cells do not exist and that instead, in agreement with several previous studies, 1,2,6,7 CCR5 expression is restricted to a limited population of circulating T cells and predominantly located at the cell surface. Our findings indicate that the results obtained by Achour et al 11 were almost certainly because of the generation of irrelevant antibody binding sites during the fixing and permeabilization procedure, a phenomenon that is a recognized source of falsepositive results in antibody-based experiments. 21 
